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SHAPE ON TBE PERFORMAmCE OF A TKUT-S(=oOP 

AIR-SXEUCTION SYSTEH AT MACE 

FROM 0 M 1.9 

An experimental investigation was conducted to determine the  effect 
of boundary-layer control and inlet l i p  shape on the performance of a side- 
inlet  air-fnduction system f o r  a fighter-type airplane. Tw(3 methods of 
boundarg-layer control were investigated, one which allowed the low-energy 
air to pass under a compression ramp placed one boundary-layer height away 
from the fuselage and the other i n  which a portfon of the low-energy a l r  
was drawn off through a permeable compression rsmp placed contiguous t o  
the  fuselage  surface. Three inlet lip shapes of varying degrees of blunt- 
ness were also investigated. Tests were made a t  bkch nunibem from 0 to 
1.9 at  an angle of attack of  k0 and mass-flow ratios from 0 to the maxirmrm 
obtainable . 

8 

llhe results indicated *at boundary-layer control had a favorable 
effect on the total pressure recovery and inlet  air-flow steadiness of the 
inlets tested, However, boundary-layer control  resulted in &II increase in 
drag for each configuratfon tested. A comp.rison of the two types of 
boundaxy-layer control systems investigated showed that, i n  general, the 
Bystem in wbich the  lowenergy air was d o w e d  to pass under the compres- 
sion ramp had higher  net  propulsive thrust and a larger  stable range of 
operation than the system in which low energy air was dram off through a 
permeable compression ramp. 

A t  the  supersonic asd high subsonic speeds of the  tests,  only Smau 
afferences i n  total pressure  recmery  existed between the  three l i p  shapes 
investigated. However, at the simulated take-off  condition, the blunt-lip 
inlet showed a considerable increase in pressure recovery  over both the 
thin-lip and sharp-lip  inlets. Although no significant  differences in net 
propulsive thrust existed between the  thin-lip and sharp-lip N e t s  at 
supersonic  speeds, both had somewhat higher net  propulsive thrust than the - blunt-lip  inlet. 
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It was noted for all inlets  tested  that as the mass-flow ratio waa 
reduced  below  its maxinum, a value was reached  at which f l o w  asymmetry 
occurred  such  that  the  inlet on one  side of the  fuselage  operated  at a 
higher mass-flow ratio than the  inlet on .the  other  side. 

Recent  studies on boundary-layer control systems fo r  side-inlet  air- 
inaction systems, references I through 3, have  shown  that  the  pressure 
recovery and drag axe strongly influenced by the  design details in  the 
vicinity of the m e t  entrance.  Generally,  the  effects on pressure  recov- 
ery  and drag of controlling the boundary-layer a2r depend on the  partic- 
nlar inlet-fuselage  combination and; with the  exception of a few  cases, 
comparisons between  air-induction systems utilizing  various  methods of 
boundary-hyer control and these  systems  with  the boundary-layer sir 
mowed to enter  the  inlet  have  not been made. Additional comparisons 
for a variety of configurations  are  necessary if the  designer i s  to deter- 
mine  whether, for a new inlet,  the  increase  in  pressure recovery due to 
efficient bomdmy-layer control will overbalance the increase in drag 
and the  inherent  penalties  associated  wtth  the  added structure, weight, 
and desi-  complexities of these systeme. In this report performance * 
data  for several inlet configurations  are  presented and evaluated.  The 
drag, a i r - f l o w  umteadiness, pressure recovery, and mass-flow character- 
isttcs of a particular  inlet and Fuselage  ccmibimtion  having tWr, different 
methods of boundary-layer control were  investigated.  The  performance of 
each configuratlon was compared  analytically by meam of a net thruat 
parameter with equivaLent ab-inlet configuration Kfthout boundary- 
k e r  removal. The  methods of boundary-laya control  investigated  were 
a wedge-diverter  system for which  the U t  and compression ramp were 
placed  one boundary-layer height fram the  AzseLage  surface allowing the 
low-energy air to pass under the  canpression  ramp, and a suction system 
which  removed a portion of the  low-energy air through a permeable  compres- 
sion ramp placed  contiguous to the  f’uselage  surface. I n  addition, an 
investigation was made to evaluate the ef;fect gf lip  shape on the  inlet 
with the campression ramp placed  one boundmy-layer height f’rom the fuse- 
lage  surface. 

sYMB0I;s 

mea, sq ft 

wbmm in- diffuser cross-sectiod area (fueehge 
station 1g.L0), sq ft 

contraction- ratio - 
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net drag coefficient, - D 
ss 

net drag, lb 
boundmy-layer diverter height from fuselage surface,  in. 

boundary-layer thichess parameter 

Mach number 

mass flow thrm M e t  (measured at compressor station) , 
slugs /s ec 

ra t io  of the mass f l o w  through the inlet to  the mass flow at 
the free-stream conditions pas8i-w through an area ewal 

static pressure, lb/sq f t  

t o t a l  pressure, Ib/sq f t  

total-pressure  ratfo a t  the compressor station 

pressure  difference  across porous compression surface, lb/sq in. 

dynamic presmre, lb/sq f t  

Reynolds number 

wing area, 8.703 s q  f t  

net thrust with isentropic pressure recovery, Ib 

net thrust wlth m e a s u r e d  pressure recovery, lb 

velocity, ft/sec 

air-fbw parameter, sq ft ~b /sec 

weight f l o w  of air, Ib/Bec 

angle of-attack of fuselage  reference axis, deg 



4 

6 

tl 

ec 

P 

C 

i 

00 

boundmy-layer  thickness  (distance f r o m  fuselage  surface to 
point in boundary layer where.velocity is 0 . 9  local  veloc- 
ity), in. 

compressor  station  total  pressure  divided  by W A  sea-level 
static  pressure 

5 r D  
*I 

net-thrust  parameter, - 

Subscripts 

compressor  station 

M e t  entrance  station (Wined i n  fig. 3) 

me-stream condition 

%e air-induction  model  shown  in  figure l waa the  same,  except f o r  
the  inlet  reglon, as that  for  the  investigation  reported  in  reference 1 
in which a detailed  description of the  instrumentation,  apparatus, and 
procedure may be  found.  The  modifications made to the  inlet  region of 
the basic trapezoidal conPiguration  to  obtain  models of the  present 
investigation  included  changes to the bowhry-layer removal system and 
to the  lip  contour. Two aifferent methods f o r  removing the boundsry- 
layer  air were tested on the model. One  method  utilized a sharp wedge 
underneath  the  inlet  (see  fig. 1 or 2(a)). %e  compression rmp was 
placed  one  boundary-layer  height  away frm the  fuselage (h/S = 1.0 at 
& = 1.5) to ww the fuselage b o u n m  hyer to pass unaer the  com- 
pression ramp.  This  method of boundary-layer control will be  referred 
to in the text as a diverter system. m e  other  method, a suction  type 
utilizing  the  pressure  difference  across  the ramp, removed only the low- 
energy  portlon of the  fuselage boundary layer  through  permeable  compres- 
sion  surfaces  p-ed  contiguous  to tPle fuselage  surface  (see  fig. 2(c) ) . 
TWD porous mrfaces were used,  one of sintered material and the  other a 
porous ramp obtained by drilling  0.10-inch-d.iameter  holes  through a solid 
ramp  surface. A s o l i d  rarrrp was also tested.  For  the  porous type, the 
maas of air removed was calculate& from total- and  static-pressure data 
measured  near  the boundary-layer removal exit  (see  fig. 2(c) for  view of - 
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exit) !&e angle of the  ramp  compression  surfaces  for a l l  removal sys- 
tems was 7" relative  to  the  fuselage  center line. Three  lip shapes were 
investigated in conjunction  with  the  diverter-type boundary-layer remval , 
system, and two lip  shapes were tested  with a solid  ramp (no diverter). 
The  lips are designated  the  blunt  lip,  thin l i p ,  and sharp  lip  (leadfng- 
edge radii of 0.065, 0.025, and 0.015 inch,  respectively) in  the  remain- 
der of the text (see figs. 3(a) and 3(b) ) . The  reference  line f o r  the 
thin and sharp Hps  (fig. 3(b)) is not the same as that for the blunt 

* 
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A comparison of the  boundary-layer  systems and lip shapes can be 
made from the  photographs of figure 2, and the  various W e t  configura- 
tions  that were tested  are  listed in the following table: 

Lip shape 

1. Blunt 
2. Thin 
3- 
4. Blunt 
5. Thin 
6 .  min 

7. Thin 

Boundary-layer 
control s y s k  
Dfverter 
Diverter 
Di-serter 
None 
None 

&lCtiOQ 

Suctlon 

Compression surface 
Solid 
Solid 
Solid 
Solid 
Solid 

Sintered  eteel materid such 
that 1 percent of inlet 
mass f l o w  could be drawn 
through surface 
(Ap = 0.08 %) 

Two hundred and ten 0 .l-inch. 
diameter  holes  spaced on 
0.2-Lnch centers 

Shown In figures 4 to 7 are various details of the bmm-layer-wedge 
diverter, a schematlc  drawing of the survey  rake and pressure cells, the 
U p  coordinates  and a sketch of each lip,  the m o d e l  area distribution, 
and the m e r  area variation up to the  compressor  inlet.  The  model 
instrumentation consisted of a survey rake  at  the  simulated  compressor 
inlet  (see fig. 5 )  f r o m  &ich  the internal air-flow  forces and the afr- 
induction  parameters,  pressure  recovery and mass-flow ratio,  were  deter- 
mined. Further instrumentation consisted of strain-gage-type  pressure 
cells to measure  the  air-flow  unsteadiness and a six-component  strain- 
gage  balance  used to obtain the  aeroasnamfc  forces . To insure  that  the 
frictional  forces a d  remain  relatively constant, transition was fixed 
near  the apex of the mffe and near  the leading edge of the  lip of the 
inlets  (see ref. I) . 

. The  experhen-  investigatton was conducted in the Ames 6- by 
6-foot supersonic whd tunnel. A complete  description of this a n d  tun- I 

- nel nay be found in reference 4. 
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Data were obtalned through a range of mass-flow ratios f r o m  0 to 
the maximLrm obtainable,  at an angle of attack of bo, and at Mach numbers 
of 0, 0.9, 1.3, 1.5, 1.7, and 1.9. Drag .data are  not  presented  at 
I& = 1.3  since  the  reflectlon of the  bow  shock  wave fmm the  tunnel walls 
intersected the afterportion of the model. W i t h  the  exception of the 
static  tests (& = 0), a l l  experhenta l  data Were  obtained  at a constant 
tunnel stagnation  pressure of 10 pounds per square  inch  absolute.  Thie 
corresponds to a Reynolds number (per foot) as shown  in  the fourOwing 
table : 

R, 
&I millfon 
0.9 3.0 
1 . 3  2.5 
1.5 2.9 
1.7 ' 2.0 
1.9 2.6 

- 

The esthated uncertainty  introduced  into  each  corrected  dimensionless 
coefficlent by the known uncertainties  in  the  measurements tabulated 
below: 

DISCUSSION 

The  present  discussion has been divided into three mafn parts. The 
first p& is  concerned. with the two type! of boundary-layer  control 
systems  investigated, a dlverter  system and a porous suctlon system. The 
effect of these  boundary-layer  control systems on the  total  preseure 
recovery, drag, and  air-flow  steadiness of the  inlets  is  presented.  The 
second  part  compares  the  three  inlet lfp shapes  that  were  tested on the 
basis of t o t a l  pressure  recovery and. drag. The third section  presents 
a comparison of the  various bmdary-hyer  control systeme  and  inlet  lip 
shapes  investigated on the  basis of a net  thrust parameter. 
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Pressure recovery.- ~ o u s  experiments (ref. 2) have shown that in 
the Mach m b e r  range from 1.5 t o  2.0, the use of a boundary-layer control 
system in wbich the low-energy a i r  was allowed to pass under a sp l i t t e r  
plate i n  front of a =-cone side  inlet resulted in as much as a 
a-percent  increase in totd pressure recovery over the ~ame inlet  wfth no 
boundary-layer control. Compaxing the total pressure recovery of the pres- 
ent inlets with and without the dtverter system (fig. 8, blunt l i p ,  and 
f ig .  9, thin l i p )  showed that the use of this type of boundary-layer 
control increased  the  pressure  recoveryfrom 3 to 5 percent throughout the 
supersonic  speed  range of the investigation. The l a rge  difference between 
the increase in pressure recovery  obtained with the  present  diverter system 
and that of reference 2 is due to the  fact that the total pressure recovery 
of the present system without the  diverter was from 14 to XI percent  hlgher 
than that f o r  the half-cone configuration without boundary-layer control, 
so that less gain is  possible Fn the  present cme, The influence of the 
diver- on the flow field in  front of the inlet, in the  present instal- 
lation, i s  KUwtrated in the  achlieren photographs of figure 10. 

Removing bmdary-byer  air through a porous  compression surface in 
c front of the inlet  alwo increased  the pressure recovery, but not as much 

as the diverter (compare figs. 9 and U). Although the  diverter gave the 
best  pressure recovery of the b m w - l a y e r  control systems investigated, 
better  results might be anticipated f o r  the -inlets utilfzing porous com- 
pression  surfaces i f  m o r e  air were remved through the porous surface. 
The amount of a-ir removed through the sintered  surface w a s  Prom 2 to 2-1/2 
percent of the inlet W E  f l o w  while 2-1/2 to 3-l/2 percent was removed 
through the surflace wlth the 0.1-inch-diameter holes. (For  comparison 
purposes the amouzt of air that passed under the compression ramp wlth 
the diverker system was estimated to be about 15 percent of the  inlet 
mass f l o w  at = 1.5 and nb/& = 1 .O. .This e s t a t e  was made by using 
the boundary-hyer thickness as determined from schlieren photo@;caphs  and 
the ratio of displacement thickness to total th ichess  given in  reference 
5 f o r  a 117 power velocity  profile .) Data in figure ll show that with 
just the s m X L  amount of  low-energy air removed through the permeable sur- 
faces,  gains in  pressure recmery over that f o r  the solid-ramp configura- 
tion ranged between I and 4 percent. 

Draa;.- Bfpmvin@; the pressure recovery of the Wets investigated by 
remcrving the fuselage boundary layer ahead of t h e   W e t s  was accompanied 
by increases in drag due to the  layer control systems used. 
From the results presented in figures 8 and 9, the  increase In drag, wlth 
the S y S h l l  *ich &Wed the bw-energy  air b pass under '&e compressfon 
ramp, wa8 from 5 to 9 percent of the total drag of the model in the Mach 
number range from 1.5 to 1.9. If a t o t a l  Ckag coefficient of 0.0235 is  

present inlet-fusela@;e combination), the drag of the present system with 

* 

. assumed for 89 airplane i n  high-aped flight (& = 1.5) (having the 
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the  aiverter would be about 4 percent of the tow hag of the  airplane. 
For  camparison,  it ha8 been  calculated  that  the drag of various boundary- 
layer control systems of thfs type on typical  interceptor  aircraft  repre- 
sent fipm 3 to 10 percent of the  total drag of the  airplane. 

Utilizing  the  porous  compression  surf'aces as a means of remving the 
low-energy  air  from in f ron t  of the M e t  resulted in &ag increases  up 
to 10 percent in the Mach number  range from 1.5 to 1.9 (fig. ll). The 
major part of the drag of these  boundary-layer contml aystema was asso- 
ciated w3th the desfgn of the exit of the boundmy-layer control  duct, 
since  calculations  based on static-  and  total-pressme  measurements  in 
this  duct showed that the drag due to the loss of  momentum of the  boundary- 
layer air in passing through the  ducting system was small. A t  Mach  numbers 
of 1.5 and 1.7 the drag of the  inlet with the  sintered  campression  surface 
was about 4 percent  lower than the  drag of the  inlet  with  the  0.1-inch- 
diameter holes In the  compression  surface, 

- 

Inlet  air-flow  uneteadiness.- In the present  air-induction systems 
there were pressure  oscillations in the  duct for all M e t  configurations, 
The maximrrm total amplitude of these  pressure  oscillations,  measured by 
the  pressure  cells in the ducting system, was used to bdicate the  rela- 
tive  degree of unsteadiness of the flow In the inlets  brestigated.  The 
results  presented in figure 12 (blunt  lip)  and  ffgure 13 (thin  lip)  show L 

that, in general,  the ideta utilizing  the  boundary-layer  diverter  elrhib- 
ited lower oscillation  amplitudes  over a wider mass-flow  range, that l e ,  
larger  stable  range of operation  than  either  the  inlets  without  boundary- 
layer  control or the  inlets  with  porous  compression  surfaces.  The  reversal 
of trends  shown at l& = 1.5 in  figure 12(c) is not understood. 

It  has  been  noted in previous  experiments  (ref. 1) that as the mass- 
f l b w  ratio waa reduced  below i ts  maximma, a value was reached a t  which 
f l o w  asymmetry  occurred  such  that  the  inlet on. one side of-the fuselage 
operated at a higher mass-flow ratio than the m e t  on the  other side. 
(This  value of mass-flow ratlo varied  with  and  wfth inlet config- 
uration. ) A s- flow condition  occurred in the  present  investigation 
(see  fig. 10) . Flow asymnetry coincided xLth the rapid increase in  the 
amplitude of the  pressure pulsations as shown i n  figure8 12 and 13. Also, 
the W e t  with the  higher mass f low had  the lower amplitudes of pressure 
oscillations. This w88 observed frm the dlfference  between  pressure 
oscillations of each duct  (data shown fo r  right duct only). A 6imLLar 
phenomenon has been observed in other  side-inlet insWlations both at 
subsonic (ref. 6 )  and supersonic  speeds (ref. 7) where  the  ducting f r o m  
twu inlets join fn a cumon chaniber. 

Representative  totd-pressure  contaur maps at the  simulated  compressor 
entrance  are  presented  (fig. 14) for  the  thin-lip  inlet  configurations at 
a typical  operating conation for an met-engine combinatton (& = 1.5, 
(+/%) 0.90). Observations of these maps and  contour  maps f o r  other 
operating  conditions (not shown) showed  that, in general,  the  diverter 

c 

* 
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system had less radial and circumferential.  total-pressure  distortion  than 
any of  the  other  inlets  investigated. Although no contour maps are pre- 

radial and circumferential t o w - p r e s s u r e  distributions  existed between 
these inlets and the  thin-lip inlets a t  comparable t e s t  conditions. For 
a31 configurations  tested, the lowest total pressure recovery a t  the com- 
pressor s ta t ion  occurred in the lower part, of the  duct. It is  bglieved 
that  this Low-pressure region f o r  angles of attack above about 4 is 
assochted with a flow disturbance caused by the lower lip of the inlet. 

* sented which show the  effects of  l i p  shape, no siguificant  differences in  

E f e c t  of Lip Shape 

Pressure  recovery.- F r o m  the  results  presented fn figure 15 it i s  
evident that the effect of lip shape on the inlet pressure recovery was 
smal l  a t  the  supersonic and high  &sonic speeds of the tests. In  gen- 
era, however, the  blunt-lip inlet had a slightly higher pressure recov- 
ery than either  the  thin-lip or sharp-lip W e t s .  A t  the simulated take- 

higher presSure  recovery  than either the thfn-lip or  sharp-lfp inlet. 
These results m e  similar t o  those o3tained and. reported In reference 8 
where It was shown that blunting  the  inlet   l ip resulted i n  slight  increases 
in pressure recovery at subsonic and supersonic speeds whlle  comparatively 
large increases in pressure  recovery were evidenced at the sfmulated  take- 
off  condition. 

c off condition (I& = 0, fig. 161, the  blunt-lip lnlet had considerably 

The shmp-lip inlet had higher pressure recovery  than the  thin-lip 
inlet at  the simuhted take-off  conaition  (fig. 16). Since both U p s  
had the same thickness apt of the lip region (f-lg. 31, it muld appear 
that  the  pressure  recmery w&s EL function of the internal l i p  shape and 
contractton  ratio  at mass-flow ratios greater  than 1.0. 

Drag.- Net drag coefficients of the three l i p  shapes are presented 
as a function of mass-flow ra t io  in figure 15 for the test Mach numbers. 
These data show that  the blunt l i p  had higher drag than the  sharper l i p s  
throughout the supersonic speed range of the tests, w h i l e  there 3 s  little 
difference in drag between the  thin-lip and sharp-lip W e t s .  IT0 drag 
differences existed between the  three l i p  shapes a t   the  high subsonfc 
speed of the  fwestigation. 
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Net Propulsive IChruat 

c 

A method of comparing the performance of the  inlets  consists of con- 
verting  the drag force and pressure recovery into a single  thrust parameter 
and comparing the  inlets at their actual operating points. This perform- 
ance analysis and the engine assumed i n  the calculations  (the JT-3C-x)) 
were the same as presented i n  reference 1. 

The results of the analysis showed that the  thin-lip inlet with the 
diverter-type boundary-layer control system had as high o r  higher  net pro- 
.pulsive thrust than  the rematnfng thin-lip inlet configurations throughout 
the Mach  number range of the  tests, except at & = 0.9 (fig. 17). It 
should be noted that o n l y  small differences in net thrust existed between 
the two types of baundary-layer control systems investigated. Any selec- 
t ion of  a pm%iculs;r system mi&t depend m other  factors such as in le t  
a i r - f low s tabi l i ty  and structural  limitations. O f  the  three  inlet   l ip 
shapes investigated (fig. IS), both  the  thin-lip and sharp-lip  inlets had 
considerably  higher net  propulsive thrust than the  blunt-lip inlet i n  the 
supersonic speed range. A t  the simulated take-off  condition, however, the 
blunt-lip inlet had the highest  net  propulsive  thrust of the three in le t  
shapes . 

It can be seen that an inlet area of 4.2 square feet  would be a good 
compromise for subsonic and supersonic  operation up to Eb, = 1.5. However, 
f o r  operation at speeds dove M& = 1.5, a variable area inlet or an 
inte?.miL bypass system would be necessary for  optimum operation. 

CONCLUSIONS 

The following conclusions m e  obtained from an investigation a t  Mach 
numbers from 0 t o  1.9 of the  effect of  boundary-layer control and inlet 
l i p  shape on the performance of a side-inlet air-induction system f o r  a 
fighter-type airplane: 

1. Utilization of boundary-layer control  resulted  in a substantid. 
fncrease in  to t a l  pressure recovery throughout the speed rmge of the 
investigation. 

2. The improvement i n  total presaure  recovery by the use of mdary- 
layer COn-kOl Was accompanied by drag increases of up t o  10 percent. 

3. k l e t  a i r - f l O W  Steadhess was generally improved by the m e  of 
boundary-layer control. systems. 

4. For a l l  met8  investigated, when the mass-flow ra t io  was reduced 
below i ts  maximum, a value was reached a t  which flow asymmetry occurred 
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auch that the inlet on one side of the  fuselage  operated at  a higher mass- 
flow ratio than the inlet on the  other side, This value of mass-flow 
ratio  varied with Mach number and inlet configuration. I 

5. In general, of the two types. of boundary-layer control s y s t e m  
investigated, the one  which ut i l ized a diverter under the compression 
ramp and removed all the fuselage boundary-layer air  f r o m  in front of 
the in le t  had higher  net  propulsive thrust and a larger range of steady 
operation than the system Fn which only a portion of the low-energy air 
was drawn off through a permeable  compression surface. 

6. Effect of U p  shape on total pressure recovery was smal l  at the 
high  subsonic and supersonic-speeds of the tests. However, at the simu- 
lated take-off condition,  the total pressure  recovery  obtained  with the 
blunt-lip W e t  showed a considerable increase over the th in- l ip  and sharp- 
l i p  inlets. 

7. For all inlets investigated, the diverter system, in general, 
had less  radial and c-lrctrmferentfal t o w - p r e s s u r e  distortions at the 

.) slrmiLated compressor entrance . 
8. while no significarit  differences i n  net  propulsive thrust edsted - between the  thin-Up and sharp-lip inlets, both had s0mewb.t higher  net 

propulsive thrust than the blunt-lip inlet at supersonic speeds. 

Ames Aeronautical  Laboratory 
National Advisory C o n a n i t t e e  f o r  AerollEautics 

Moffett  Field, C a l i f . ,  Dec. 2, 1955 
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(b) B l u n t  lip with and without boundary-layer diverter. 

Figure 2 ,- Continued. 
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Figure 8.- Continued. 
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Figure 9.- The effect of the diverter-type boundary-layer control 
system on the inlet performance of the thin-lip inlet; a = 4'. 
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Figure 10.- Concluded. 
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F'igure 12.- Total amplitude of  the pressure oscillationg f o r  the 
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Ffgure 17.- N e t  thrust parameter as a function of W e t  area f o r  the 
thin-lip W e t  configurations; altitude = 35,000 feet, JT-3-X, 
engine. 
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Figure 18.- Ket thrust parameter ES a function of inlet area for the 
three  inlet l i p  shapes; altitude = 35,000 feet  except as noted, 
ST-3c-20 engine. . .  
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